Abstract
Introduction
In the last three decades, experimental study on particle crushing of granular material has attracted the attentions of many researchers [1] [2] [3] [4] [5] [6] . Particle crushing is believed to be an irrecoverable process and sand grains are densified into a more compact state through inter-particle slip and rotation. Some engineering practise such as estimation of the bearing capacity of pile is greatly influenced by the variation in mechanical properties of sand in surrounding of pile tip due to particle crushing [7] [8] [9] [10] .
One-dimensional compression test is a common and effective measurement to examine the fundamental compression characteristics of granular material. These tests in literature are classified into two categories. One is to examine the effect of a specimen's physical properties on its compression behaviour. Hagerty et al. (1993) examined the effect of initial relative density, median grain size, particle shape and mineral components on different kinds of granular materials [11] . Nakata et al. (2001a, b) conducted plenty of one-dimensional compression tests on silica sand to examine the curvature and slope of the compression line, and the statistics of individual particle crushing in consideration of particle size and overall grading. The other one-dimensional tests aim to investigate the effect of the external experimental conditions [12, 13] . Graham et al. (2004) studied the compression properties of densely compacted sand with elevated temperature [14] . Yamamuro et al., cal properties of granular material under one-dimensional compression within such specific stress region should be furtherly investigated. This study presents a one-dimensional compression experimental study on two kinds of natural granular materials and one artificial granular material in a dense state under relatively high loading. The maximum load applied on the specimens composed of the same granular material is terminated at four levels in proportion to differentiate the occurrence of particle crushing and the variation in mechanical behaviour. The overall strength and deformation properties are represented and analyzed for each granular material. Variation in the lateral earth pressure coefficient during one-dimensional loading and unloading processes are demonstrated. Moreover, the effect of loading mode on degree of breakage is also confirmed in this study. Different breakage patterns for both natural and artificial granular materials are identified.
Testing Apparatus
The one-dimensional high pressure compression testing apparatus was composed of two half-part containments. Fig. 1(a) shows the side view of the one-dimensional testing apparatus. These two half-part containments were firmly fastened using four steel bars and sixteen screws to restrict lateral deformation of the specimen in cylinder cell. In practice, it was quite difficult to keep the radial strain as zero during the entire loading process. The opposite side of each steel bar is instrumented with a strain gauge so that lateral stresses on soil could be measured from the circumferential strains in the apparatus as shown in Fig. 1(b) . The Young's modulus of the steel bar was approximately 210 GPa. Total lateral force acting on the specimen in the cylinder cell was expected to the summation of the tensile force on all steel bars. The radial stress is calculated as the ratio of measured summation force on steel bars by the sectional area of the specimen.
The internal cylinder cell for loading the sand specimen was 25.7 mm radius and 100 mm height. The diameter of axisymmetric specimen was 51.4 mm. The ratio of diameter to height for this apparatus is the same to the containment adopted by Yamamuro et al., (1996) [15] . Three kinds of granular material specimens were prepared in the cylinder cell using the tamping method, with relative density Dr at 90% to examine the crushing behaviour at similar dense state. Slight height adjustment of the specimen for different granular material was made to achieve the desired relative density. Granular materials were poured into the cylinder cell by ten layers, densely tamped each time.
To eliminate the frictional stress generated on the internal surface of the testing apparatus, teflon sheets and silicon-grease were pasted on the interior surface of the cylinder cell. On the top and bottom surfaces of the specimen in cylinder cell, one cap and base steel stoppers were installed in advance of loading. Two load cells with maximum capacity measurement as 50 kN were installed on the top and bottom steel stoppers to estimate the average axial force acted on specimen. The decrement and One-dimensional compression test was conducted on different specimens terminated at four maximum axial loads as 6 kN, 15 kN, 30 kN and 50 kN, respectively. All axial loads descend to the specimen at a constant rate of axial deformation as 0.02 mm/min. The unloading begins with a constant speed as 0.02 mm/min after the axial load attains the maximum value. Results of loading and deformation of specimens during loading-unloading process were recorded by a data-logger and computer during each loading-unloading process.
Tested Granular Materials
To clarify the mechanical behaviours of granular material in one-dimensional compression at relatively high pressure, three granular materials of different mineral components and hardness were used. The medium hardest, Toyoura sand, is a well graded Fig. 2 . Outline of one-dimensional high pressure compression testing apparatus sand with particle size ranging from 0.074 mm to 0.5 mm, and with a maximum and minimum density of 1.646 g/cm 3 and 1.332 g/cm 3 . It is the standard sand recognized by Japan Geotechnical Society. The softest granular material, Masado, is a kind of decomposed granite soil with grain size that ranges from 0.07 mm to 2 mm. Masado is distributed in large areas of land reclamation and coastal regions and the sample for this testing was taken from the region near Ota River in Hiroshima prefecture, Japan. Masado has also been employed in laboratory tests by many researchers [26] [27] [28] .
The hardest glass beads ballotini, are an assembly of the same size round particles and one kind of artificial plastic granular materials. Glass beads ballotini have an average diameter as 0.6 mm. Glass beads ballotini displays similar mechanical characteristics to brittle material and exhibits different breakage patterns in comparison with the natural sand. The physical properties for the Toyoura sand, Masado and glass beads ballotini are shown in Table 1 . Fig. 3 shows the void ratio versus the axial stress for three granular materials. The axial stress expressed in all figures represents an average load value measured by the two load cells on the specimen by the cross-sectional area of the specimen. Void ratio decreases gradually in the initial phase as the applied axial stress increases. The initial void ratios of Toyoura sand and Masado take almost the same values as 0.63, while that of glass beads ballotini is around 0.6. The maximum axial stresses acted on all three specimens are up to 22.5 MPa. As pointed out in previous studies [29, 30] , the break-point on the curve after which the void ratio obviously reduces is identified for all three granular materials. The break-point corresponds to the point of maximum curvature on the e-log p curve. The break-point stress for the softest granular material in this test, Masado, is the smallest at 2 MPa. This is attributed to the wide distributed range of grain size and mineral hardness of Masado. Einav (2007) stated that larger particles get cushioned by surrounding smaller particles, making them more resistive to crushing, so that small particles are more likely to be crushed [31] . The break-point stress for glass beads ballotini is largest at 10 MPa and it takes the value of 7 MPa for Toyoura sand. It can be thought that the breakpoint stress greatly depends on the mineral composition of the granular material. Three experimental curves express almost similar initial compressive behaviour when the axial stress is less than 1 MPa. The deformability and compressibility increase sharply once the axial stress exceeds the corresponding break-point stress for each granular material. The reducing ratio of e-log p curves for glass beads ballotini is relatively smaller compared with those of natural sand. It is due to the round shape and mineral composition of particle. Hagetry et al., (1993) showed that there was a higher break-point stress for angular glass ballotini with the same diameter size and pointed out that the angular glass ballotini displayed larger compressive behaviour in the early loading stage [11] . Fig. 4 represents a plot of volumetric strain against the logarithm axis of axial stress for three kinds of granular material. The volumetric strain ε v is derived from ε v = −∆e / (1 + e 0 ). Herein, ∆e and e 0 are the void ratio variation and initial void ratio, respectively. It provides another approach to compare with the compressibility of these three granular materials. It is obvious that the volumetric strain significantly increases as the applied axial stress exceeds its corresponding break-point stress for each kind of granular material.
Test Results and Discussions

Void ratio versus axial stress
Fig . 5 represents the compression index C c plotted versus the axial stress for Toyoura sand, Masado and glass beads ballotini, respectively. The compression index C c is defined in Eq. (1) to quantify the compression degree of granular material under loading.
where σ a is applied axial stress. The compressibility of Toyoura sand slightly increases in the initial loading phase and becomes distinctively large as the axial stress goes beyond the break-point stress. The gradient is dependent on the curvature of the e-log p curve. The compression index is enlarged to almost five times of the initial value for Toyoura sand as the axial stress is elevated to 22.5 MPa. The compression index of Masado and glass beads ballotini initially decreases towards a steady value for a short time, before finally increasing. The reduction of the compression index in the beginning stage results from the rearrangement of particles and rotation of the glass beads.
Axial stress-strain relationship
Figs. 6 -8 display the axial stress plotted versus axial strain under loading-unloading for Toyoura sand, Masado and glass beads ballotini subjected to four maximum axial loads terminated at 6 kN, 15 kN, 30 kN and 50 kN, respectively. For the same granular material, the axial stress-strain curves at different axial loads show the similar shape and pattern. The critical state of specimen cannot be reached due to the ratio of applied axial stress to the radial stress is kept as a constant. It is observed that the increasing stiffness of tested granular materials in loading stage is due to the continual densification of granular material. It is noted that the initial slope of axial stress-strain curve for each granular material expresses almost the same value and is less dependent on the final maximum terminated axial load.
The plots of axial stress against axial strain under onedimensional loading-unloading for all three granular materials when the maximum axial stress is elevated to 22.5 MPa are shown in Fig. 9 . Masado requires larger axial strain to reach the maximum axial stress. Simultaneously, it also displays significant irrecoverable axial strain compared with the other two kinds of granular materials when the unloading is finished. The irrecoverable axial strain is composed of the volumetric variation from the particle rearrangement and crushing. The entire one-dimensional compression loading phase is divided into the primary compression part and secondary compression part by Mesri (2001) [32] . The dividing point was adopted by Hagerty et al., (1993) using the concept of crushing stress [11] . At stresses over the crushing stress, the addition of stress increment causes additional breakage and more obvious rearrangement of grains. It is specified that the slope of axial stress-strain curve increases rapidly once the applied axial stress is increased. Therefore, the volumetric behaviour in primary compression mainly comes from the compression of grains. The variation in volume in the secondary compression phase is the summary of the corresponding portions from compression and crushing. It is noted that the rate of axial stress to axial strain slightly increases and suddenly becomes steeper when axial stress is beyond the crushing stress during the loading process. As the axial stress reaches the maximum value and unloading begins, axial stress returns to zero again. The slopes of the stress-strain curve for the primary and secondary part of the loading phase as well as unloading phase are defined as the initial, secondary and unloading constrained modulus respectively, as shown in Fig. 10 , respectively. The corresponding constrained modulus for the three kinds of granular material are shown in Table 2 . Compared with the two natural sands, the initial constrained modulus of glass beads ballotini is lower. It is believed that the relative sliding and movement are easier for glass beads ballotini in comparison with natural sand in the primary compression phase. Therefore, the increment of axial strain is faster for glass beads specimens assembled with similar diameter-size ballotini. However, the secondary constrained modulus of glass beads ballotini is much higher than those of natural sands. In the secondary compression phase, the degree of crushing is relatively significant for natural sand due to a large volume of fines is produced in the loading phase. However, glass beads ballotini is only crushed into smaller fragments as the entire loading is applied. Test results demonstrate that the constrained modulus during unloading is less dependent on the mineral composition of granular material.
Radial stress and axial stress
Figs. 11 -13 represent the radial stress plotted against the axial stress for the three kinds of granular materials subjected to maximum axial load terminated at 6 kN, 15 kN, 30 kN and 50 kN, respectively. At different maximum loads, it is noted that the radial-axial stress curves express almost linearity for the three granular materials. Due to the specimen being prepared in a dense state, the radial stress appears instantly as the vertical stress acts on the specimen. The radial stress provided by the Fig. 9 . Axial stress versus axial strain for three kinds of granular materials when maximum axial load is 50 kN Fig. 10 . Determination method of the initial, secondary and unloading constrained modulus for one-dimensional compression on granular material interior surface of the containment cell increases in proportion to the increment of axial stress. 
K o in one-dimensional compression
The lateral earth pressure coefficient at rest K o of three granular materials subjected to one-dimensional loading-unloading has also been investigated. K o was defined by Bishop (1958) as the ratio of the lateral to vertical effective stresses in a consolidated soil under the condition of no lateral deformation [33] . It is also an important stress state in engineering design. K o in loading process can be easily decided from the slope of radialaxial stress curve. Fig. 14 demonstrates that the curves for lateral earth pressure coefficient at rest plotted against the axial stress during loading process. K o value attains 0.2 at low axial stress level and enters into a steady region with slight change as the axial stress is increased. The K o at maximum axial stress level for K o value measured in this test is relatively smaller compared to the result reported by Yamamuro et al. (1996) [15] . It is believed that the axial stress acting on the specimen in that test is extremely high and causes significant particle crushing. The reduction of frictional angle after particle crushing makes the lateral earth pressure coefficient at rest increase.
The relationship between the axial stress and the lateral earth pressure coefficient K o during unloading process are shown in Fig. 15 . The lateral earth pressure coefficient at rest increases gradually from around 0.3 to 1.6 as the axial stress is reduced from the maximum value to zero. The experimental results by Gao and Wang (2014) also stated a similar variation tendency in the lateral earth pressure coefficient [34] . However, the final value for lateral earth pressure coefficient at rest when the unloading is completed in that test is larger than the results measured in our test because the applied maximum axial load is relatively high, approximately six or seven times of that in their test. The increasing K o value during unloading results from radial loading not fully recovering, even after unloading. The irrecoverable deformation causes part of the horizontal stress to remain locked in soil and destroys sand structure before the axial stress is removed. 
Confirmation of Degree of Particle Crushing
Confirmation of particle crushing occurrence and evaluation of grading curves are implemented by two common approaches in this study. One is to compare the GSD curves of each granular material before and after loading, the alternative is to make comparisons with the scanning electron microscopic photographs for the original and tested granular material.
To examine the effect of loading mode on the crushing degree of the same kind of granular material, the variation in the GSD curves of the granular material under one-dimensional and triaxial compression loadings are compared at almost the same mean stress level.
5.1 Grain size distribution curve before and after particle crushing occurrence Figs. 16 -18 show the GSD curves at the maximum axial stress of 0 MPa, 10.01 MPa and 16.67 MPa for Toyoura sand, Masado and glass beads ballotini, respectively. The axial stress here refers to the mean stress acted on the specimen. It is noted that the original curves shift to the left and upward as the applied axial stress increases. To quantitatively describe the degree of particle crushing, one simple breakage index B 15 proposed by Lee & Farhoomand (1967) expressed as Eq. (2) is adopted in this study [35] .
where D 15i and D 15 f indicate the diameter in corresponding to the fine percent by weight as 15% for GSD curves at the initial and final state. Breakage index B 15 is largest for Masado as 1.175. It is ascertained that crushability of Masado is higher than the other two granular materials. B 15 is determined as 1.022 for glass beads ballotini which is slightly lower than that of Toyoura sand. Minor production of fines can be seen for glass beads ballotini. Table 3 shows the breakage index B 15 for Toyoura sand, Masado and glass beads ballotini. It is pointed out by Altuhafi and Coop (2011), Miao and Airey (2013) that the degree of particle crushing is greatly influenced by the loading mode and condition [36, 37] . Therefore, the effect of the loading mode on the degree of particle crushing is examined in this study. In contrast to the stress state in onedimensional compression test, the radial stress is independent of the variation in the axial stress in triaxial compression test. Fig. 19 compares both the grading distributed curves for Toyoura sand after one-dimensional compression and triaxial compression with the original one, respectively. Owing to the limited triaxial test data demonstrating the change of GSD curves after shearing for Toyoura sand, the results of the experiment conducted by Miura (1971) with a mean stress of 11.7 MPa being acted on specimen is employed. It is clearly shown that the GSD curve after triaxial compression test markedly shifts left and upward although the mean stress applied is slightly higher than that in one-dimensional compres- sion test [2] . The breakage index B 15 for Toyoura sand after triaxial compression testing is 3.731, almost three and a half times of that after one-dimensional compression test. However, the rate of the two corresponding mean stress levels for triaxial and one-dimensional compression test is just around 1.3. Fig. 20 represents the grain size grading for Masado before and after testing, subjected to one-dimensional and triaxial loading [38] . The obvious shift of GSD curve is observed for Masado under triaxial test loading mode even though the mean stress on the specimen is only 0.4 MPa, which is much lower than that being applied in the one-dimensional tests. The breakage index B 15 for Masado subjected to triaxial testing is 3.686. The difference in breakage index B 15 during the triaxial loading mode is resulted as the existence of significant high shear stress within the specimen. The experimental results express a similar tendency with those reported by Miao and Airey (2013) [37] . The crushing degree in that test was more remarkable because the sand were tested until to the steady state. The breakage mechanisms for compression and shearing are basically distinct and produce different amounts of damage. The relative flow of particles subjected to shear stress increases the possibility of coordination numbers for particles.
Scanning electron microscopic photographs of granular material before and after loading
Figs. 21 -23 represent the scanning electron microscopic photographs of Toyoura sand, Masado and glass beads ballotini before and after one-dimensional compression testing. The maximum magnification zoom lens of the scanning electron microscopic (SEM) is 500. Remarkable differences in appearance for the three granular materials are observed. In each figure, subtitle (a) shows the granular material before testing and (b) shows it after testing. The crushed granular material shown in (b) is the specimen taken from the cylinder cell after the sieving test to clearly identify the particle breakage of specimen. Fig. 21(b) and Fig. 22(b) demonstrate that some individual particles experience significant crushing and fracturing and produce a large amount of fines. In comparison with Toyoura sand, the volume of fine content for Masado is relatively larger because that the single particle strength of Masado is lower [13, 39] . Masado is a typical sand composed of grains with different hardness. Low-hardness particles are crushed early on, intensifying the crushing degree as loading increases.
It is noted that glass beads ballotini displays different breakage pattern for individual grains compared with the other two natural sands. The individual ballotini separates into some small irregular fragments. The breakage failure for natural sand generally starts from the edge of an individual particle. However, the breakage pattern of glass beads ballotini is conferred that the one crack appears on a single ballotini which subsequently decomposes into smaller parts. That breakage pattern is sufficient to explain why the axial strain of glass beads ballotini is smaller than that of Toyoura sand and Masado under the same axial stress level in Fig. 9 . 
Conclusions
A series of one-dimensional high pressure compression tests was conducted on three granular materials in a dense state with different mineral composition and hardness. The strength and deformation characteristics of granular materials have been investigated under the maximum axial load terminated at 6 kN, 15 kN, 30 kN and 50 kN, respectively. Some major conclusions are made as follows: 1 A one-dimensional high pressure compression testing apparatus with the capacity of measuring the axial and lateral stresses acting on the cylindrical specimen simultaneously was developed.
2 The break-point stress identified from e -log p curve was the largest for glass beads ballotini and smallest for Masado. The break-point stress is greatly dependent on the mineral composition and hardness of granular materials. The deformability and compressibility increase sharply once the axial stress exceeds the break-point stress for each granular material.
3 For the same granular material, the axial stress-strain curves express a similar shape and pattern in the four loading phases. The axial strain level for Masado is the largest at the maximum axial stress. Additionally, experimental results demonstrate that irrecoverable strain for Masado is the largest as well. The entire loading phase is divided into primary compression and secondary compression. The primary compression constrained modulus for glass beads ballotini is lower than that of the other two natural sands due to the difficulty of relative sliding and movement for glass beads ballotini. Conversely, the constrained modulus of the secondary compression phase for glass beads is high because almost no fines are produced during loading. Test results demonstrate that the constrained modulus during unloading is less dependent on the mineral composition of granular material. 4 The lateral earth pressure coefficient at rest K o attains 0.2 at low axial stress and enters into a steady region with slight change as the axial load is increased. K o at maximum axial stress level for Toyoura sand, Masado and glass beads are 0.29, 0.25 and 0.24, respectively. This difference mainly originates from the different frictional angles of the three granular materials. A rise in K o is observed in tests for all three granular materials subjected to unloading. 5 The occurrence of particle crushing for three granular materials is confirmed by comparing the GSD curves before and after one-dimensional compression tests. The simple breakage index B 15 is calculated for each granular material. Breakage index B 15 is largest for Masado, at 1.175 among them. The effect of the loading mode on the degree of particle crushing for the same granular material is confirmed. The extensive crushing for specimens in triaxial testing is due to the existence of significantly high shear stress.
6 It is noted that the difference in breakage pattern for the natural sands and artificial glass beads ballotini is obviously identified from the SEM photographs after loading. The occurrence of breakage failure for natural sand usually starts from the edge of an individual particle and a large volume of fines is produced. However, the breakage pattern of glass beads ballotini is conferred that the crack appears on a single ballotini which subsequently decomposes into small parts.
